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just a short‐root plant?

Eun Kyung Yoon †‡, Jiyeong Oh ‡ and Jun Lim*

Department of Systems Biotechnology, Konkuk University, Seoul, South Korea
SHORT-ROOT (SHR) is a mobile transcription factor that plays important roles

in ground tissue patterning, stem cell niche specification andmaintenance, and

vascular development in Arabidopsis roots. AlthoughmRNA and protein of SHR

are also found in hypocotyls, inflorescence stems, and leaves, its role in the

above-ground organs has been less explored. In most developmental cases,

SHR, together with its partner SCARECROW (SCR), regulates the expression of

downstream target genes in controlling formative and proliferative cell

divisions. Accumulating evidence on the regulatory role of SHR in shoots

suggests that SHR may also play key roles in the above-ground organs.

Interestingly, recent work has provided new evidence that SHR is also

required for cell elongation in the hypocotyl of the etiolated seedling. This

suggests that the novel roles of SHR and SHR-mediated regulatory networks

can be found in shoots. Furthermore, comparative research on SHR function in

roots and shoots will broaden and deepen our understanding of plant growth

and development.

KEYWORDS

Arabidopsis, GRAS transcription factor, shoot development, root development,
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Introduction

Roots of an individual plant play crucial roles in i) acquiring water and nutrients, ii)

supporting the plant, iii) synthesizing plant hormones, iv) storing nutrients and

metabolites, and v) interacting with soil microbiome (Schiefelbein and Benfey, 1991;

Benfey et al., 2010; Petricka et al., 2012). Therefore, understanding the molecular

mechanisms controlling root growth and development is of prime importance. Due to

the simple cellular organization and a plethora of molecular, genetic, and genomic

resources, the model plant Arabidopsis thaliana (Arabidopsis) has enormously

contributed to broadening and deepening our understanding of root growth and

development (Schiefelbein and Benfey, 1991; Dolan et al., 1993; Benfey et al., 2010;

Petricka et al., 2012).

Three decades ago, in an attempt to isolate mutants with abnormal root structures in

Arabidopsis, the Philip Benfey lab, then at New York University, identified a mutant that
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exhibited a short-root growth phenotype (Benfey et al., 1993).

Since the recessive mutation resulted in determinate root

growth, the mutant was named “short-root (shr)” (Benfey

et al., 1993). In addition to abnormal root growth, detailed

phenotypic analyses revealed that shr possessed no endodermis,

the innermost ground tissue (GT) with the Casparian strip

(Benfey et al., 1993). Therefore, shr had only a single GT layer

between the epidermis and the stele instead of the two layers

found in the wild-type (WT) root (Benfey et al., 1993). The root

radial pattern defect in shr was traced back to the heart-stage

embryo (Scheres et al., 1995). Furthermore, when crossed with

the fassmutant with the multiple GT layers, the endodermis was

not restored in the shr fass double mutant, indicating that the

specification and differentiation of the endodermis depended on

SHR function (Scheres et al., 1995).

Similarly, another recessive mutant, scarecrow (scr), also had

one GT layer in roots (Scheres et al., 1995). Unlike shr, the

remaining GT layer in scr showed both endodermis and cortex

characteristics, indicating that the periclinal (parallel to the growth

axis) formative division to separate the two layers was flawed

(Scheres et al., 1995; Di Laurenzio et al., 1996). The SCR gene was

identified, and its expression was detected in the quiescent center

(QC), cortex/endodermis initial (CEI), cortex/endodermis initial

daughter (CEID), and endodermis (Di Laurenzio et al., 1996).

Four years after SCR cloning, the SHR gene was also identified and

shown to encode a similar transcription factor to SCR, belonging

to the GRAS family (Pysh et al, 1999; Helariutta et al., 2000).
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Interestingly, SHRmRNA was observed in the stele. However, the

protein moved outward to the tissues (QC, CEI, and CEID) where

SCR was expressed, indicating that SHR acted as a mobile

transcription factor (Helariutta et al., 2000; Nakajima et al.,

2001; Gallagher et al., 2004; Gallagher and Benfey, 2009).

Moreover, SHR interacted with SCR in the nuclei of the

endodermis to control the SCR expression for proper radial

patterning (Cui et al., 2007; Koizumi et al., 2012a; Koizumi

et al., 2012b). In addition to SCR, SCARECROW-LIKE23

(SCL23), the closest SCR homolog, was also shown to play a

role in the specification of endodermis cell fate (Long et al.,

2015a). Furthermore, JACKDAW (JKD) and its related BIRD

transcription factors [also known as INDETERMINATE

DOMAIN (IDD)] interacted with SHR to restrict SHR from

moving beyond the endodermis (Welch et al., 2007; Long et al.,

2015b; Moreno-Risueno et al., 2015; Long et al., 2017; Figure 1,

left). Other factors, such as RETINOBLASTOMA-RELATED

(RBR) and CYCLIN D6;1 (CYCD6;1), also played a role in

controlling the formative division to generate the cortex and

endodermis (Sozzani et al., 2010; Cruz-Ramıŕez et al., 2012;

Figure 1, left). Recently, SHR homologs were identified in the

roots with multiple GT layers such as date palms, legumes, maize,

and Setaria (Setaria viridis) (Xiao et al., 2019; Dong et al., 2021;

Ortiz-Ramıŕez et al., 2021; Xu et al., 2021; Wang et al., 2022).

Indeed, the SHR-mediated regulatory networks also controlled

GT formation across species, resulting in generation of a

multilayered cortex (Hernández-Coronado and Ortiz-Ramıŕez,
FIGURE 1

Schematic model of the SHR-mediated regulatory networks in the endodermis development of Arabidopsis roots and shoots. In roots (left), SHR
protein moves from the stele into the endodermis and CEI (cortex/endodermis initial) where it activates the expression of the downstream
target SCR and BIRD genes. SHR forms protein complexes with SCR and BIRD, resulting in the confinement of SHR in the endodermis and CEI.
The protein complexes induce the CYCD6;1 expression, which subsequently inhibits the negative regulator RBR from interacting with the SHR/
SCR complex and promotes the asymmetric cell division (ACD) of CEI. In leaves and hypocotyls (right), SHR as a mobile regulator activates the
expression of both SCR and SCL23 in the endodermis and its equivalents (bundle sheath in leaves and starch sheath in hypocotyls). Protein
complexes of SHR-SCR, SHR-SCL23, or SHR-SCR-SCL23 can be formed, which prevents SHR from moving beyond the endodermis. Moreover,
SCL23 negatively regulates SHR function in hypocotyls.
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2021). Unlike SHR in the Arabidopsis root, all three maize SHR

homologs (ZmSHR1 , ZmSHR2 , and ZmSHR2-h) were

predominantly expressed in the endodermis, revealed by single-

cell RNA sequencing and in situ RNA hybridization (Ortiz-

Ramıŕez et al., 2021). Moreover, the ZmSHR1 protein was

hypermobile, moving from the endodermis to the cortex layers.

Interestingly, the Zmshr2 Zmshr2-h double mutant had reduced

cortex numbers instead of missing the endodermis, indicating that

SHR in maize played a critical role in expansion of the cortex

tissue (Ortiz-Ramıŕez et al., 2021). In addition, its role in cortex

multiplication was validated in another monocot Setaria,

monitored by phenotypic analyses of the loss-of-function

mutants of the two Setaria SHR homologs (SvSHR1 and

SvSHR2). Indeed, the Svshr1 Svshr2 double mutant showed

substantially reduced cortex layers (Ortiz-Ramıŕez et al., 2021).

Therefore, it was suggested that hypermobility of the SHR

proteins was common in monocots, which played an important

role in multilayered cortex development (Wu et al., 2014;

Hernández-Coronado and Ortiz-Ramıŕez, 2021; Ortiz-Ramıŕez

et al., 2021). Nonetheless, elucidating the role of SHR and its

regulatory networks in root radial patterning is still an active

subject of research (Zhang et al., 2018; Tian et al., 2022; Yang

et al., 2022).

In addition to radial pattern formation, SHR is involved in

the specification and maintenance of the root stem cell niche

(Sabatini et al., 2003; Qi et al., 2019). The shrmutant displayed a

loss of functional QC and a reduction of the meristem size,

thereby resulting in determinate root growth (Benfey et al., 1993;

Helariutta et al., 2000; Sabatini et al., 2003). PLETHORA (PLT)

transcription factors were shown to specify and maintain the QC

and stem cell niche (Aida et al., 2004; Galinha et al., 2007).

However, it was suggested that PLTs and SHR acted in parallel

pathways in QC and stem cell niche specification and

maintenance (Aida et al., 2004; Galinha et al., 2007; Santuari

et al., 2016; Pardal and Heidstra, 2021).

Due to its localization in the root stele (Helariutta et al.,

2000; Nakajima et al., 2001), it was reasonable to speculate that

SHR might play a role in root vascular development. Indeed,

mutations in SHR caused reduced cell numbers in the root

vasculature (Levesque et al., 2006; Yu et al., 2010) and ectopic

metaxylem differentiation in place of protoxylem (Carlsbecker

et al., 2010; Yu et al., 2010; Miyashima et al., 2011). For example,

SHR and SCR activated the expression of two microRNA

(miRNA165 and 166) genes in the endodermis. The resulting

miRNA165/166 with gradients restricted their target mRNAs,

class III HOMEODOMAIN LEUCINE ZIPPER (HD-ZIP III)

mRNAs at post-transcriptional levels for xylem patterning

(Carlsbecker et al., 2010; Miyashima et al., 2011). In addition

to xylem patterning, shr exhibited severe developmental defects

in phloem development (Kim et al., 2020). These studies

indicated that SHR non-cell-autonomously exerted its decisive

role on the formative cell division for xylem and phloem

development. Interestingly, it was demonstrated that SHR
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controlled cytokinin homeostasis by directly activating the

expression of CYTOKININ OXIDASE3 (CKX3) (Cui et al.,

2011; Yang et al., 2021). These findings suggested that

spatiotemporal regulation of cytokinin levels might be

achieved by SHR in the periphery of the root xylem axis (Cui

et al., 2011; Yang et al., 2021).

In addition to its role in cell division, recent work revealed

that shr displayed a drastic reduction in cell elongation in the

root maturation zone, suggesting that SHR also played a role in

root cell elongation by regulating redox homeostasis (Fu

et al., 2021).

Since the first characterization of shr, detailed studies have

provided insights into its regulatory role in plant roots.

Nevertheless, much is still to be learned by unveiling SHR-

mediated plant developmental networks.
Discussion

The very first report of SHR’s involvement in the above-

ground organs came from the serendipitous finding that both

hypocotyl and inflorescence stem of shoot gravitropism7 (sgr7)

displayed no response to a change of gravity vector (Fukaki et al.,

1998). The sgr7mutant turned out to be allelic to shr and had no

endodermis/starch sheath in hypocotyls and stems, similar to shr

roots (Fukaki et al., 1998). In addition, SHR formed protein

complexes with SCL23; therefore, the SHR-SCR-SCL23 module

played a role in the formation of the functional bundle sheath

(also known as endodermis equivalent) in Arabidopsis

hypocotyls (Figure 1, right). These studies indicated that a

common molecular mechanism exerted decisive control on the

specification and differentiation of the endodermis and its

equivalents in shoots and roots (Fukaki et al., 1998; Yoon

et al., 2016; Kim et al., 2017).

Besides the phenotypic perturbations in hypocotyl and stem

radial patterning, the shoot growth of shr was evidently retarded,

thereby resulting in a stunted plant at maturity (Figures 2A,B).

In addition, shr exhibited substantial reductions in fresh and dry

weights, which were comparable to approximately one-tenth of

the WT levels (Figures 2C,D). The identification and

characterization of the SHR gene and its expression patterns

indicated that SHR might play a role in shoot development

(Helariutta et al., 2000). Nonetheless, compared to what we have

learned about SHR and its regulatory networks in roots, its role

in shoots has been less explored.

In leaves, both mRNA and protein of SHR were also detected

in the vascular bundle and the surrounding bundle sheath

(Dhondt et al., 2010; Gardiner et al., 2011; Cui et al., 2014).

The size of rosette leaves was severely reduced in shr compared

to that in WT, suggesting that SHR was involved in proliferative

cell division in developing leaves (Dhondt et al., 2010).

Moreover, in shr leaves, cells in the bundle sheath were rather

irregular in shape and became larger than those observed in WT
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(Cui et al., 2014). Therefore, cells surrounding the vascular core

appeared to become mesophyll-like in leaves. As in roots and

hypocotyls (Long et al., 2015a; Yoon et al., 2016), the SHR-SCR-

SCL23 regulatory module was critically involved in the

specification and maintenance of the endodermis equivalent in

leaves (Cui et al., 2014; Figure 1, right). These studies provided

new insights into the role of SHR as a critical regulator in

formative and proliferative cell divisions in Arabidopsis leaves.

In hypocotyls and stems, shr had reduced xylem and phloem

areas, resulting in hypocotyls and stems with smaller diameters

(Ko et al., 2022). Because the post-transcriptional interaction

between miRNA165/166 and HD-ZIP IIIs was known to play a

crucial role in radial patterning of the shoot vasculature (Emery

et al., 2003; Kim et al., 2005), it will be interesting to investigate

whether SHR regulates the expression of miRNA165/166 in

these organs, as in the root vascular development (Carlsbecker

et al., 2010; Miyashima et al., 2011; Kim et al., 2020).

In the etiolated seedling, SHR was also critically involved in

controlling hypocotyl cell elongation (Dhar et al., 2022).

Hypocotyl cell length in the etiolated shr seedling was

discernibly reduced, compared to that in WT (Dhar et al.,

2022). Indeed, SHR controlled the cell elongation process via

transcriptional regulation of a group of xyloglucan

endotransglucosylase/hydrolase (XTH) genes encoding cell

wall remodeling enzymes (Dhar et al., 2022). In most cases,

SHR acted together with SCR to regulate the expression of

downstream target genes (Helariutta et al., 2000; Cui et al.,

2007; Carlsbecker et al., 2010; Sozzani et al., 2010; Cruz-Ramıŕez

et al., 2012; Hirano et al., 2017; Long et al., 2017). Unlike the

known mode of action, SHR activated the expression of the three
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XTH genes (XTH18, XTH22 and XTH24) in a SCR-independent

manner (Dhar et al., 2022). SHR is well known to play key roles

in regulating formative and proliferative cell divisions. In the

etiolated seedling, however, SHR was required for cell

elongation. Therefore, this finding indicated that SHR might

play previously uncharacterized roles in Arabidopsis shoots.

Since the identification and characterization of shr were first

reported (Benfey et al., 1993), there have been tremendous

efforts to isolate homologous genes of SHR and elucidate their

function in diverse species. Research in monocots, such as rice

and maize, provided new insights into SHR’s role in shoots. For

example, Kamiya et al. (2003) identified two rice SHR homologs

(OsSHR1 andOsSHR2) and reported thatOsSHR1 was expressed

during stomata development. Likewise, the maize SHR

homologs (ZmSHR1 and ZmSHR2) were shown to be involved

in the development of Kranz anatomy and C4 physiology in

leaves (Slewinski, 2013; Fouracre et al., 2014; Slewinski et al.,

2014; Schuler et al., 2018). In particular, the Zmshr1 mutant

exhibited alterations in patterning and spacing of vascular,

bundle sheath and mesophyll cells in maize leaves (Slewinski

et al., 2014). Therefore, these reports indicated that the SHR-

mediated networks distinctly controlled both vascular and

stomata patterning in monocot leaves (Schuler et al., 2018).

Thus, it will be interesting to investigate whether SHR also

regulates stomata development in Arabidopsis leaves.

Although recent studies have identified new regulatory

aspects of SHR in shoots, more research is still required (e.g.,

the interplay between SHR and plant hormones that modulates

the growth and development of the above-ground organs at all

developmental phases). Together with what we have learned
FIGURE 2

Shoot growth phenotypes of Arabidopsis wild-type (WT) and shr adult plants. (A) Approximately 6-week-old WT and shr-2 plants. Scale bar:
5 cm. (B) Lengths of inflorescence stems of WT and shr-2 plants at different time points (dpg: days postgermination). (C) Fresh weights of ~6-
week-old WT and shr-2 plants. (D) Dry weights of ~6-week-old WT and shr-2 plants. The data are shown as mean ± SEM (n > 30). Statistical
significance was determined by Student′s t-test compared with WT (*P < 0.05).
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about SHR and its regulatory networks in roots and shoots so

far, the time is coming closer to appreciate the whole picture of

what role the master regulator SHR plays in plant growth and

development. So, it is time to look up!
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Ortiz-Ramıŕez, C., Guillotin, B., Xu, X., Rahni, R., Zhang, S., Yan, Z., et al.
(2021). Ground tissue circuitry regulates organ complexity in maize and Setaria.
Science 374, 1247–1252. doi: 10.1126/science.abj2327

Pardal, R., and Heidstra, R. (2021). Root stem cell niche networks: it’s
complexed! insights from Arabidopsis. J. Exp. Bot. 72, 6727–6738. doi: 10.1093/
jxb/erab272

Petricka, J. J., Winter, C. M., and Benfey, P. N. (2012). Control of Arabidopsis
root development. Annu. Rev. Plant Biol. 63, 24.1–24.28. doi: 10.1146/annurev-
arplant-042811-105501
Frontiers in Plant Science 06
Pysh, L. D., Wysocka-Diller, J. W., Camilleri, C., Bouchez, D., and Benfey, P. N.
(1999). The GRAS gene family in Arabidopsis: sequence characterization and basic
expression analysis of the SCARECROW-LIKE genes. Plant J. 18, 111–119. doi:
10.1046/j.1365-313X.1999.00431.x

Qi, L., Zhang, X., Zhai, H., Liu, J., Wu, F., Li, C., et al. (2019). Elongator is
required for root stem cell maintenance by regulating SHORTROOT transcription.
Plant Physiol. 179, 220–232. doi: 10.1104/pp.18.00534

Sabatini, S., Heidstra, R., Wildwater, M., and Scheres, B. (2003). SCARECROW
is involved in positioning the stem cell niche in the Arabidopsis root meristem.
Genes Dev. 17, 354–358. doi: 10.1101/gad.252503

Santuari, L., Sanchez-Perez, G. F., Luijten, M., Rutjens, B., Terpstra, I., Berke, L.,
et al. (2016). The PLETHORA gene regulatory network guides growth and cell
differentiation in Arabidopsis roots. Plant Cell 28, 2937–2951. doi: 10.1105/
tpc.16.00656

Scheres, B., Laurenzio, L. D., Willemsen, V., Hauser, M.-T., Janmaat, K.,
Weisbeek, P., et al. (1995). Mutations affecting the radial organisation of the
Arabidopsis root display specific defects throughout the embryonic axis.
Development 121, 53–62. doi: 10.1242/dev.121.1.53

Schiefelbein, J. W., and Benfey, P. N. (1991). The development of plant roots:
new approaches to underground problems. Plant Cell 3, 1147–1154. doi: 10.1105/
tpc.3.11.1147

Schuler, M. L., Sedelnikova, O. V., Walker, B. J., and Westhoff, P. (2018). And
langdale, J SHORTROOT-mediated increase in stomatal density has no impact on
photosynthetic efficiency. A.Plant Physiol. 176, 757–772. doi: 10.1104/pp.17.01005

Slewinski, T. L. (2013). Using evolution as a guide to engineer kranz-type C4

photosynthesis. Front. Plant Sci. 4, 212. doi: 10.3389/fpls.2013.00212

Slewinski, T. L., Anderson, A. A., Price, S., Withee, J. R., Gallagher, K., and
Turgeon, R. (2014). Short-root1 plays a role in the development of vascular tissue
and kranz anatomy in maize leaves. Mol. Plant 7, 1388–1392. doi: 10.1093/mp/
ssu036

Sozzani, R., Cui, H., Moreno-Risueno, M., Busch, W., Van Norman, J., Vernoux,
T., et al. (2010). Spatiotemporal regulation of cell-cycle genes by SHORTROOT
links patterning and growth. Nature 466, 128–132. doi: 10.1038/nature09143

Tian, Y., Zhao, N., Wang, M., Zhou, W., Guo, J., Han, C., et al. (2022). Integrated
regulation of periclinal cell division by transcriptional module of BZR1-SHR in
Arabidopsis roots. New Phytol. 233, 795–808. doi: 10.1111/nph.17824

Wang, C., Li, M., Zhao, Y., Liang, N., Li, H., Li, P., et al. (2022). SHORT-ROOT
paralogs mediate feedforward regulation of d-type cyclin to promote nodule
formation in soybean. Proc. Natl. Acad. Sci. U.S.A. 119, e2108641119. doi:
10.1073/pnas.2108641119

Welch, D., Hassan, H., Blilou, I., Immink, R., Heidstra, R., and Scheres, B.
(2007). Arabidopsis JACKDAW and MAGPIE zinc finger proteins delimit
asymmetric cell division and stabilize tissue boundaries by restricting SHORT-
ROOT action. Genes Dev. 21, 2196–2204. doi: 10.1101/gad.440307

Wu, S., Lee, C.-M., Hayashi, T., Price, S., Divol, F., Henry, S., et al. (2014). A
plausible mechanism, based upon SHORT-ROOT movement, for regulating the
number of cortex cell layers in roots. Proc. Natl. Acad. Sci. U.S.A. 111, 16184–
16189. doi: 10.1073/pnas.1407371111
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Non-cell autonomous and spatiotemporal signalling from a tissue organizer
orchestrates root vascular development. Nat. Plants 7, 1485–1494. doi: 10.1038/
s41477-021-01017-6

Yang, L., Zhu, M., Yang, Y., Wang, K., Che, Y., Yang, S., et al. (2022). CDC48B
facilitates the intercellular trafficking of SHORT-ROOT during radial patterning in
roots. J. Integr. Plant Biol. 64, 843–858. doi: 10.1111/jipb.13231

Yoon, E. K., Dhar, S., Lee, M.-H., Song, J. H., Lee, S. A., Kim, G., et al. (2016).
Conservation and diversification of the SHR-SCR-SCL23 regulatory network in the
development of the functional endodermis in Arabidopsis shoots. Mol. Plant 9,
1197–1209. doi: 10.1016/j.molp.2016.06.007

Yu, N. I., Lee, S. A., Lee, M. H., Heo, J. O., Chang, K. S., and Lim, J. (2010).
Characterization of SHORT-ROOT function in the Arabidopsis root vascular
system. Mol. Cells 30, 113–119. doi: 10.1007/s10059-010-0095-y

Zhang, X., Zhou, W., Chen, Q., Fang, M., Zheng, S., Scheres, B., et al. (2018).
Mediator subunit MED31 is required for radial patterning of Arabidopsis roots.
Proc. Natl. Acad. Sci. U.S.A. 115, x, E5624-E5633. doi: 10.1073/pnas.1800592115
frontiersin.org

https://doi.org/10.1016/j.cub.2004.09.081
https://doi.org/10.1002/dvdy.22516
https://doi.org/10.1016/S0092-8674(00)80865-X
https://doi.org/10.1016/S0092-8674(00)80865-X
https://doi.org/10.3389/fpls.2021.745861
https://doi.org/10.1038/nplants.2017.10
https://doi.org/10.1046/j.1365-313X.2003.01856.x
https://doi.org/10.1007/s12374-017-0134-8
https://doi.org/10.1111/j.1365-313X.2005.02354.x
https://doi.org/10.1111/j.1365-313X.2005.02354.x
https://doi.org/10.1105/tpc.19.00455
https://doi.org/10.4161/psb.22437
https://doi.org/10.1073/pnas.1205579109
https://doi.org/10.1007/s12374-022-09355-4
https://doi.org/10.1371/journal.pbio.0040143
https://doi.org/10.1111/tpj.13038
https://doi.org/10.1105/tpc.114.132407
https://doi.org/10.1038/nature23317
https://doi.org/10.1242/dev.060491
https://doi.org/10.1126/science.aad1171
https://doi.org/10.1038/35095061
https://doi.org/10.1126/science.abj2327
https://doi.org/10.1093/jxb/erab272
https://doi.org/10.1093/jxb/erab272
https://doi.org/10.1146/annurev-arplant-042811-105501
https://doi.org/10.1146/annurev-arplant-042811-105501
https://doi.org/10.1046/j.1365-313X.1999.00431.x
https://doi.org/10.1104/pp.18.00534
https://doi.org/10.1101/gad.252503
https://doi.org/10.1105/tpc.16.00656
https://doi.org/10.1105/tpc.16.00656
https://doi.org/10.1242/dev.121.1.53
https://doi.org/10.1105/tpc.3.11.1147
https://doi.org/10.1105/tpc.3.11.1147
https://doi.org/10.1104/pp.17.01005
https://doi.org/10.3389/fpls.2013.00212
https://doi.org/10.1093/mp/ssu036
https://doi.org/10.1093/mp/ssu036
https://doi.org/10.1038/nature09143
https://doi.org/10.1111/nph.17824
https://doi.org/10.1073/pnas.2108641119
https://doi.org/10.1101/gad.440307
https://doi.org/10.1073/pnas.1407371111
https://doi.org/10.1105/tpc.19.00008
https://doi.org/10.1016/j.devcel.2020.12.015
https://doi.org/10.1038/s41477-021-01017-6
https://doi.org/10.1038/s41477-021-01017-6
https://doi.org/10.1111/jipb.13231
https://doi.org/10.1016/j.molp.2016.06.007
https://doi.org/10.1007/s10059-010-0095-y
https://doi.org/10.1073/pnas.1800592115
https://doi.org/10.3389/fpls.2022.1069996
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	(Don’t) Look Up&excl;&colon; Is short-root just a short&dash;root plant&quest;
	Introduction
	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


